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We study the field-induced magnetization processes of extended Heisenberg-Kitaev models on the
honeycomb lattice, taking into account off-diagonal and longer-range exchange interactions, using a
combination of Monte-Carlo simulations, classical energy minimization, and spin-wave theory. We
consider a number of different parameter sets, previously proposed to describe the magnetic behavior
of α-RuCl3 and Na2IrO3 with their antiferromagnetic zigzag ground states. By classifying these
parameter sets, we reveal the existence of three distinct mechanisms to stabilize zigzag states, which
differ in the sign of the nearest-neighbor Kitaev interaction, the role of longer-range interactions,
and the magnitude of the off-diagonal Γ1 interaction. While experimentally hardly distinguishable
at zero field, we find that the three different scenarios lead to significantly different magnetization
processes in applied magnetic fields. In particular, we show that a sizable off-diagonal interaction
Γ1 > 0 naturally explains the strongly anisotropic field responses observed in α-RuCl3 without the
need for a strong anisotropy in the effective g tensor. Moreover, for a generic field direction, it leads
to a high-field state with a finite transversal magnetization, which should be observable in α-RuCl3.
I. INTRODUCTION
Strongly-correlated electron systems in the regime of
strong spin-orbit coupling have recently attracted a lot
of attention, luring with the prospect of material realiza-
tions of nontrivial phases with possibly exotic excitations.
Candidate systems that are presently intensely studied,
both experimentally and theoretically, are based on tran-
sition metal ions with partially filled 4d or 5d shells,
such as α-RuCl3 and A2IrO3 (A = Na,Li).
1 In these
systems, the transition-metal ions are caged in chlorine
RuCl6 and oxygen IrO6 octahedra, respectively. These
cages share an edge with each of their three neighbor-
ing octahedra, such that the central ions form weakly
coupled layers of honeycomb lattices. The combined ef-
fect of level splitting due to the octahedral crystal field
and spin-orbit coupling generates jeff = 1/2 moments.
Additional Coulomb repulsion drives the system into a
Mott insulating state already above room temperature,
suggesting a local-moment description as a low-energy
model.2,3 In the simplest, nondistorted cubic geometry,
the edge-sharing octrahedra allow two 90° Ru-Cl-Ru and
Ir-O-Ir exchange paths, respectively. This leads to a par-
tial destructive interference of the symmetric Heisenberg
interaction in favor of a dominant bond-directional Ising-
type exchange of the form of the celebrated Kitaev com-
pass model,4,5 fueling the hope to realize Kitaev’s spin
liquid phase of Majorana fermions.6
Experimentally, α-RuCl3 and Na2IrO3 show an or-
dering transition towards an antiferromagnetic state of
collinear “zigzag” type,3,7,8 while α-Li2IrO3 exhibits an
incommensurate spiral magnetic ground state.9,10 In all
cases, the Ne´el temperature is small compared to the
Curie-Weiss temperature, indicating substantial frustra-
tion. A suitable perturbation that allows to stabilize the
spin-liquid state experimentally is therefore much sought-
after.13 Interestingly, in α-RuCl3 a number of very recent
measurements indeed appear to be consistent with a, pos-
sibly continuous,14 transition from the ordered phase to-
wards a quantum paramagnetic phase, driven by mag-
netic field15–20 or external pressure.21,22
At zero field and ambient pressure, magnetic order
must be caused by interactions beyond the nearest-
neighbor Kitaev model,5 and it has been pointed out
that longer-range23 as well as off-diagonal interactions24
may play a role. An additional complication is that
the materials appear to realize a low-temperature mon-
oclinic C2/m crystal structure instead of the idealized
cubic one,3,8 however, the actual size and role of the
trigonal distortion is disputed.13,25,26 Furthermore, when
subject to an external magnetic field, α-RuCl3, for in-
stance, unveils a huge anisotropy between in-plane and
out-of-plane magnetic responses.8,27,28 In the spin mod-
els with only Kitaev and Heisenberg interactions, such
large anisotropy can only arise from largely anisotropic
g factors.27 This, however, would require a substantial
trigonal distortion, not easily consistent with crystallo-
graphic measurements.25,26,29 Evidently, a more natural
explanation for the magnetic anisotropy would be an ef-
fective spin model which displays a strong intrinsic mag-
netic anisotropy, present even if the g tensor were entirely
isotropic. To the best of our knowledge, such has so far
not been demonstrated.
To date, the debate about the most appropriate spin
model for α-RuCl3 and Na2IrO3 is by no means settled.
There are basically (at least) three scenarios that were
suggested to stabilize the experimentally observed zigzag
order in these systems:
Scenario 1: If the most dominant interactions are be-
tween nearest neighbors only, a zigzag-ordered
state occurs if the Kitaev interaction is antiferro-
magnetic, K1>0.
30
Scenario 2: Zigzag order can be stabilized also for fer-
romagnetic Kitaev coupling, K1 < 0, if a sizable
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2third-neighbor antiferromagnetic Heisenberg inter-
action, J3>0, is present.
31,32
Scenario 3: Zigzag order has furthermore been sug-
gested to be realizable also in a nearest-neighbor
model with ferromagnetic Kitaev coupling, K1<0,
when supplemented with a sizable off-diagonal in-
teraction Γ1>0.
24,33,34
For α-RuCl3, for instance, inelastic neutron-scattering
data have been argued to be consistent with antiferro-
magnetic Kitaev coupling K1 (Scenario 1).
35–37 In con-
trast, ab-initio studies typically find a ferromagnetic
K1 and have emphasized the significance of longer-
range couplings (Scenario 2).13,32,38 Finally, some recent
works, based on ab-initio calculations or fits to neutron-
scattering data, suggest by contrast a nearest-neighbor
K1-Γ1 model with ferromagnetic K1 and strong posi-
tive Γ1 as a minimal description of α-RuCl3 (Scenario
3).33,34 (Notably, we will demonstrate below that the
plain K1-Γ1 model is insufficient to stabilize zigzag order
and needs to be supplemented with, e.g., a finite ferro-
magnetic Heisenberg coupling J1 < 0.) A similar K1-Γ1
model with K1 < 0 and strong Γ1 > 0, in this case sup-
plemented with small Heisenberg interactions J1 < 0 and
J3 > 0 (stabilizing zigzag order) has recently also been
proposed.39 Experimentally, it is difficult to differentiate
between these scenarios at zero field. A possible indi-
cator is the moment direction in the ordered state;40,41
however, this observable is difficult to access and requires
the use of polarized neutrons29 or magnetic x-ray scat-
tering data.42 Clearly, further theoretical predictions that
distinguish between these different mechanisms are nec-
essary to resolve the debate.
In this paper, we demonstrate that the response of the
system to an external field differs substantially for the dif-
ferent scenarios of stabilizing the zigzag state, and we ar-
gue that this can be used to narrow down the experimen-
tally relevant parameter range of the models. Recently,
we have mapped out the magnetization processes in the
nearest-neighbor Heisenberg-Kitaev model.43 Here, we
contrast these findings to new results that are obtained
within the extended Heisenberg-Kitaev models includ-
ing longer-range and off-diagonal interactions. Given the
huge parameter space, we mainly restrict our attention
to those parameter regimes which lead to zigzag order
in zero field, but some of the analytical considerations
are more general, as will be noted below. Our method-
ology is concerned with the semiclassical limit of large
spin S, but we also compute quantum corrections to the
high-field magnetization, which we evaluate for S = 1/2.
We devote a specific discussion to the effect of large Γ1
in the presence of a magnetic field. We argue that this
naturally leads to a strongly anisotropic field response,
and we also discuss under which circumstances the Γ1
term induces a finite transversal magnetization even in
the high-field phase.
The remainder of the paper is organized as follows: In
Sec. II, we introduce the general honeycomb-lattice spin
Hamiltonian together with the different parameter sets
considered in this paper. Sec. III quickly summarizes the
different methods used to tackle the problem. Secs. IV,
V, and VI discuss the influence of a magnetic field on
the zigzag states stabilized by the three different mech-
anisms, corresponding to different parameter regimes of
the general model. In all cases, we discuss degeneracies
and the expected low-field behavior using analytical ar-
guments. We also show extensive numerical results for
the magnetization processes for various concrete param-
eter sets. Sec. VII contains a specific discussion of the
effects of a large off-diagonal Γ1 interaction. A summary
of our results, together with a discussion of their experi-
mental relevance and suggestions for future experiments,
closes the main part of the paper. In the appendix, we
demonstrate that a nearest-neighbor model with ferro-
magnetic K1 < 0 and strong Γ1 > 0 stabilizes zigzag
order only when supplemented with a finite J1 < 0.
II. MODELS
A. Generic Hamiltonian
Out of the large variety of spin Hamiltonians proposed
for α-RuCl3 and Na2IrO3, most can be written as exten-
sions of the Heisenberg-Kitaev model originally proposed
in Ref. 5. Consequently, we consider models on the hon-
eycomb lattice of the general form
H0 =
∑
〈ij〉γ
[
J1~Si · ~Sj +K1Sγi Sγj + Γ1
(
Sαi S
β
j + S
β
i S
α
j
)]
+
∑
〈〈ij〉〉γ
(
J2~Si · ~Sj +K2Sγi Sγj
)
+
∑
〈〈〈ij〉〉〉
J3~Si · ~Sj . (1)
Here, J1,2,3 correspond to first-, second-, and third-
neighbor Heisenberg couplings, similarly K1,2 are Ki-
taev couplings, and Γ1 is a symmetric off-diagonal cou-
pling. 〈ij〉γ and 〈〈ij〉〉γ denote first- and second-neighbor
γ-bonds, respectively, with γ = x, y, z. On z bonds
(α, β, γ) = (x, y, z), with cyclic permutation for x and
y bonds. The third-neighbor bonds 〈〈〈ij〉〉〉 are along op-
posite points of the same hexagon. We assume cubic
symmetry, corresponding to a perfect honeycomb struc-
ture in H0, and neglect possible trigonal distortions.
We are interested in the effects of a uniform external
magnetic field, which couples linearly to the spins via
H~h = −~h ·
∑
i
~Si, (2)
where the constants have been absorbed into the field
~h := gµBµ0 ~H, with g the (possibly anisotropic) effective
g tensor and µB the Bohr magneton. The total Hamilto-
nian then is H = H0 +H~h.
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FIG. 1. (a) Ferromagnetic zigzag chains along x and y bonds with antiferromagnetically ordered z bonds (“z-zigzag”), together
with the definition of the staggered magnetization ~mstagg. Dotted rectangle: magnetic unit cell. (b) Hexagonal structure of
Ru3+ ions with edge-shared octahedra of Cl− ions. The cubic axes ~ex, ~ey, and ~ez are along Ru-Cl bonds, while the [1¯10] direction
is along Ru-Ru z-bonds of the honeycomb plane. In the conventions of Ref. 29 the latter corresponds to the crystallographic b
axis, while the [112¯] in our cubic basis then coincides with the a axis, with a ⊥ b. The [111] direction is perpendicular to the
honeycomb plane and is sometimes referred to as c∗ axis.8 (c) Classical energy gain on each bond in Scenario 1 (antiferromagnetic
K1, ferromagnetic J1). In the z-zigzag state, ~mstagg is parallel or antiparallel to the z axis (“cubic-axis z-zigzag”). In α-RuCl3,
the spins point along Ru-Cl bonds (d). (e) Same as (c), but in Scenario 2 (ferromagnetic K1, antiferromagnetic J3). In the
z-zigzag state, ~mstagg can (classically) point everywhere in the xy plane (“cubic-plane z-zigzag”). In α-RuCl3, this corresponds
to the planes perpendicular to the Ru-Cl bonds (f). (g) Same as (e), but in Scenario 3 (strong Γ1 > 0). Here, we display the
limit Γ1  |K1| with Γ1/(−J1) > 0 finite. In the z-zigzag state, ~mstagg lies in the [111¯] direction. In α-RuCl3, the spins point
towards the centers of opposite faces of Cl− octahedra surrounding each Ru3+ ion (“face-center z-zigzag”) (h).
B. Conventions for field directions
Due to the broken spin rotation symmetry, and as will
be demonstrated explicitly below, the response of the sys-
tem to an external field ~h crucially depends on the field
direction ~h/h. For convenience, we will give all field di-
rections in the cubic spin basis {~ex, ~ey, ~ez} and label them
in the form [xyz], i.e.,
~h ‖ [xyz] ⇔ ~h ∝ x~ex + y~ey + z~ez. (3)
In RuCl3, the cubic axes ~ex, ~ey, and ~ez point along
nearest-neighbor Ru-Cl bonds, see Fig. 1(b). Conse-
quently, the two in-plane field directions along the crys-
tallographic a and b axes correspond to ~h ‖ [112¯] and
~h ‖ [1¯10], respectively. The direction perpendicular to
the honeycomb layer, which is sometimes referred to as
c∗ axis,8 is labelled as the [111] direction in our conven-
tions. In the same way, ~h ‖ [001] denotes an intermediate
direction which lies in the ac plane and is tilted 55° away
from the c∗ axis towards the −a axis.
C. Parameter sets
In Table I, we list popular parameter sets for the cou-
plings J1,2,3, K1,2, and Γ1, that were suggested either on
the basis of ab-initio calculations or by fitting the predic-
tions of different simplified versions of the above model
to experimental data. The parameter sets can roughly
be divided into three groups, corresponding to the three
scenarios listed in the introduction:
(1) Dominant antiferromagnetic K1 > 0, supplemented
by ferromagnetic J1 < 0 and small longer-ranged in-
teractions,
(2) Dominant ferromagnetic K1 < 0 together with large
antiferromagnetic J3 > 0,
(3) Strong Γ1 > 0 in conjunction with ferromag-
netic K1 < 0 and only small Heisenberg couplings.
The classical energy contributions to a zero-field zigzag
state within three different minimal models, represen-
tative for the three scenarios, are illustrated in Fig. 1.
The observed zigzag states in α-RuCl3 (Refs. 7 and 8)
and Na2IrO3 (Ref. 3) are in principle compatible with
4TABLE I. Parameter sets for spin-spin exchange interactions in α-RuCl3 and Na2IrO3 from the literature. Refs. 33, 35, 36, and
39 apply fits to neutron-scattering data within different minimal-model descriptions. Ref. 30 uses the magnetic susceptibility
curve as an additional information. Refs. 32, 34, 38, and 44 derive hopping integrals from density functional theory (DFT)
and utilize them to compute magnetic interactions by exact-diagonalization techniques and strong-coupling t/U expansion,
respectively. Refs. 40 and 45 use hopping parameters from the DFT calculations of Ref. 46 and apply constraints from the
experimentally observed direction of the ordered moments in the zigzag state. Refs. 13 and 47 exploit the multireference
configuration interaction (MRCI) quantum chemistry technique to compute the nearest-neighbor interactions,48 supplemented
by a fit to the Curie-Weiss temperature θCW and the magnetization curve, respectively, to estimate J2 and J3. We note that
Refs. 13 and 38 suggest non-negligible anisotropies in some magnetic interactions which are not explicitly displayed in the table.
“—” denotes magnetic interactions that were not computed within the respective approach.
Set Material J1 [meV] K1 [meV] Γ1 [meV] J2 [meV] K2 [meV] J3 [meV] Method Ref. Year
1 α-RuCl3 −4.6 +7.0 — — — — fit to neutron scattering 35, 36 2016
1’ Na2IrO3 −4.0 +10.5 — — — — fit to susceptibility & neutron
scattering
30 2013
1+Γ α-RuCl3 −12 +17 +12 — — — DFT + t/U expansion 44 2015
2 Na2IrO3 0 −17 0 0 — +6.8 DFT + exact diagonalization 32 2016
2+Γ Na2IrO3 +3 −17 +1 −3 +6 +1 DFT + t/U expansion, direc-
tion of moments
40, 45 2016
(2+Γ)’ Na2IrO3 +3 −17.5 +1 +5 — +5 MRCI, fit to θCW 47 2014
(2+Γ)” α-RuCl3 +1.2 −5.6 +1 +0.3 — +0.3 MRCI, fit to magnetization 13 2016
2/3 α-RuCl3 −1.7 −6.6 +6.6 0 — +2.7 DFT + exact diagonalization 32 2016
3 α-RuCl3 — −6.8 +9.5 — — — fit to neutron scattering 33 2017
3’ α-RuCl3 — −5.5 +7.6 — — — DFT + t/U expansion 34 2016
3” α-RuCl3 −1 −8 +4 — — — DFT + t/U expansion 38 2016
3+J3 α-RuCl3 −0.5 −5.0 +2.5 — — +0.5 fit to neutron scattering 39 2017
all three groups. We reiterate, though, that the plain
K1-Γ1 model suggested in Refs. 33 and 34 needs to be
supplemented with, e.g., a finite ferromagnetic Heisen-
berg coupling J1 < 0 in order to stabilize zigzag order,
see Sec. VI and the appendix for details. Parameter Sets
3 and 3’ therefore do not lead to a zigzag ground state,
at least on the classical level.
In the absence of an external magnetic field, it ap-
pears difficult to experimentally rule out any of the var-
ious (mutually incompatible) parameter sets. In what
follows, we argue that the behavior in an external field
qualitatively differs for the three scenarios. In particular,
we propose the magnetic field response as an experimen-
tal indicator of the sign of K1 and demonstrate that the
value of Γ1 can be obtained (i) by measuring the an-
gle dependence of the magnetic susceptibility or critical
field strength, or (ii) by applying a strong magnetic field
provided that the finite transversal magnetization is ac-
cessible in the experimental setup.
III. METHODS
A. Monte-Carlo simulations
To obtain concrete results for the magnetization pro-
cesses of different microscopic models, we have em-
ployed classical Monte-Carlo (MC) simulations, combin-
ing single-site and parallel-tempering updates in order
to equilibrate the spin configurations at low T ; for de-
tails see Ref. 43. Here, we have performed field scans on
lattices with up to N = 2 × 182 sites at temperatures
down to T/|K1S2| ' 10−3 and have computed the static
spin structure factor S~k = N
−1∑
ij〈~Si · ~Sj〉ei~k·(~Ri−~Rj),
where ~Ri is the lattice vector at site i. The lowest-T
configurations have been further cooled down to obtain
the zero-temperature magnetization ~m in the respective
classical ground state.
B. Variational approach
The MC simulations are augmented with a semi-
analytical variational calculation in which we have as-
sumed a four-site magnetic unit cell with two pairs of
pairwise parallel spins according to the three proposed x-,
y-, and z-zigzag patterns (Fig. 1). The classical energy
has been minimized with respect to the four independent
spherical angles ϑ1,2 and ϕ1,2 of the two pairs of spins
for each zigzag pattern. We have cross-checked the vari-
ational results with our MC data points. For all cases
studied the ground state is indeed either a (uniformly
or non-uniformly) canted zigzag state or a homogeneous
high-field state, and we find perfect agreement within a
relative uncertainty of typically ∆|~m · hˆ|/|~m · hˆ| . 10−7
(except for a few data points that are very close to first-
order transitions). This way, we obtain the full classical
magnetization curve ~m as function of continuous h for
5various field directions including [112¯] (corresponding to
the a axis in α-RuCl3), [1¯10] (b axis), [111] (c
∗ axis), and
[001] (intermediate direction in the ac plane).
C. Spin-wave theory
As another cross-check, and in order to obtain an es-
timate on the influence of quantum fluctuations in the
respective S = 1/2 systems, we employ spin-wave theory
in the homogeneous high-field phase. For large h > h0,
the magnon spectrum is gapped. Upon lowering the field
strength, the gap decreases. If the transition towards
the canted zigzag phase at h0 is continuous, it can be
understood as condensation of magnons, and the critical
field strength at which the gap closes can be computed
analytically.43 In linear spin-wave theory, it precisely
agrees with the classical continuous transition point, and
we have cross-checked our spin-wave results against the
MC simulations and the variational technique. In the
cases of continuous transitions, we have checked that the
instability wave vector, at which the magnon gap closes,
agrees with the ordering wave vector of the canted zigzag
state, as it should be as long as there are no intermediate
phases with other ordering wave vectors.43 Furthermore,
we have computed the leading-order correction to the
classical magnetization in the high-field phase for ~h ∈ ab
and for ~h ⊥ ab, the sizes of which allow us to assess
the validity of our classical approximation. Details on
the spin-wave calculations are given in the Supplemental
Materials to Refs. 14 and 43.
IV. SCENARIO 1: ZIGZAG ORDER FROM
ANTIFERROMAGNETIC K1 AND
FERROMAGNETIC J1
In this and the following two sections, we discuss and
contrast the different stabilization mechanisms of zigzag
order corresponding to the three scenarios, and map
out the consequential different magnetization processes.
We remind the reader that zigzag order is character-
ized by ferromagnetic chains along zigzag lines and anti-
ferromagnetic bonds between neighboring zigzag chains,
see Fig. 1(a) for a case with antiferromagnetic z bonds
(dubbed “z-zigzag”). Symmetry-equivalent zigzag states
(“x-zigzag” and “y-zigzag”) are obtained by a 2pi/3 ro-
tation about one site in real space in conjunction with
a 2pi/3 rotation about the [111] axis in spin space;49 in
addition there is a trivial global spin-flip (Ising) symme-
try. At zero external field, any zigzag state is therefore
at least six-fold degenerate.
Let us start with the case of the nearest-neighbor
Heisenberg-Kitaev model with K1 > −J1 > 0, as orig-
inally proposed in Ref. 30. In this scenario, the zigzag
chains are stabilized by a ferromagnetic Heisenberg in-
teraction, while the antiferromagnetic ordering between
neighboring zigzag chains is induced by an antiferromag-
netic Kitaev interaction. In the situation with antiferro-
magnetically ordered z bonds and ferromagnetic chains
along x and y bonds [“z-zigzag state”, Fig. 1(a)], the Ki-
taev coupling is satisfied only when the spins are aligned
along the z axis in spin space, ~Si ‖ ±~ez. This is il-
lustrated in Figs. 1(c) and (d). Equivalently, for the x-
(y-)zigzag states, the spins point along ±~ex (±~ey). In
Scenario 1, there are therefore six possible zigzag ground
states at zero field. We denote them as “cubic-axis
zigzag.”
In general, when a collinear antiferromagnet is brought
into a small external magnetic field, the field-dependent
part H~h of the energy is minimized when the staggered
order is perpendicular to ~h. In a Heisenberg system
with SU(2) spin rotation invariance, such alignment is
always possible already at infinitesimal field strength.
For increasing field strength, all spins then cant homoge-
neously, i.e., with a common “canting angle” towards the
magnetic field axis, until the system reaches saturation
at some critical field strength h0. In the classical limit
the magnetization curve m(h) is linear below h0.
This situation drastically changes when the SU(2) spin
symmetry is broken. In the present Scenario 1, with the
possible zero-field spin alignment along the cubic axes
only, it is impossible for the spins to align perpendic-
ular to a small external field, unless the magnetic field
is orthogonal to one of the three cubic axes ~ex, ~ey, and
~ez. At finite field strength, the spins therefore generi-
cally cant inhomogeneously towards the magnetic field
with two different canting angles, and the classical mag-
netization curve becomes nonlinear. Furthermore, the
nonuniformly canted zigzag states then compete with
other states that allow for a uniform canting mecha-
nism. This happens, for example, for a field in the out-
of-plane [111] direction. As we have demonstrated re-
cently, the magnetization process for K1 > −2J1 > 0
undergoes a sequence of metamagnetic transitions, and
eventually (if K1 > −2.5J1) exhibits a continuous tran-
sition from a vortex-like state with uniform canting an-
gle towards the polarized state. On the other hand, for
−2J1 > K1 > −J1 > 0, there is a direct first-order tran-
sition from the nonuniformly canted zigzag state towards
the polarized state.43
By contrast, for an external field orthogonal to one of
the cubic axes, e.g., ~h ‖ [1¯10], the spins can align perpen-
dicular to an infinitesimal ~h. The spins therefore cant
towards ~h with a uniform canting angle and a linear clas-
sical magnetization curve, until eventually a continuous
transition towards the polarized phase occurs.
While the nature of the magnetization process itself is
highly anisotropic in this scenario, both the magnitude of
the magnetic susceptibility at small fields and the critical
field strength h0 (at which the transition to the high-field
state occurs) only slightly depend on the field direction.
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FIG. 2. Magnetization in field direction for J1-K1 model with large K1 > 0 and small J1 < 0, using Parameter Set 1,
from MC simulations (red crosses) and semi-analytical variational calculation (blue/dark curves). For comparison: spin-wave
magnetization for S = 1/2 (red/light curves, high-field phases only). The small octahedra are given as a reminder of the spin
alignment at zero field, cf. Fig. 1. For ~h ‖ [001] (b) and ~h ‖ [1¯10] (c), the classical magnetization curves are linear in the
intermediate-field regime and exhibit a continuous transition towards the uniform high-field phase at h0, indicating a uniform
canting mechanism with low-field spin alignment ~Si ⊥ ~h for h↘ 0. For ~h ‖ [111] (a) and ~h ‖ [112¯] (d), the magnetization curve
becomes nonlinear and a direct continuous transition towards the high-field phase becomes impossible.
Classically, one finds, for instance,
h0/S =
{
2K1 − 3|J1|, for ~h ‖ [111],
2K1 − 2|J1|, for ~h ‖ [1¯10],
(4)
as long as the high-field transition is continuous. Note
that h0 is even larger for the in-plane [1¯10] direction
than for the out-of-plane [111] direction [in contrast to
the anisotropy in the field response observed in α-RuCl3
(Refs. 8 and 28)].
Our numerical simulations for the prototype Param-
eter Set 1 are fully consistent with these expectations,
see Fig. 2. For ~h ‖ [001] [Fig. 2(b)] and ~h ‖ [1¯10]
[Fig. 2(c)] the spins cant homogeneously, i.e., with a uni-
form canting angle, towards the magnetic field axis, re-
sulting in a linear classical magnetization curve in the
intermediate-field regime. At the critical field strength
h0, there is a continuous transition towards the polar-
ized high-field phase with uniform 〈~S〉 ‖ ~h. For ~h ‖ [111]
[Fig. 2(a)] and ~h ‖ [112¯] [Fig. 2(d)], for which no spin
alignment perpendicular to ~h at small field is possible,
the canting becomes inhomogenous and the magnetiza-
tion curve becomes nonlinear with a positive curvature in
the intermediate-field regime. For this particular Param-
eter Set 1 with K1 < −2J1, and these field directions,
there are no metamagnetic transitions, and, instead,
there is a direct first-order transition towards the po-
larized phase. Magnetization curves for other parameter
sets with K1 > −2J1, showing various novel large-unit-
cell and vortex-like phases at intermediate field strengths
are displayed in Ref. 43. In the classical limit, S → ∞,
the high-field phase is fully polarized, |〈~S〉/S| = 1, while
quantum fluctuations reduce the magnetization below
full saturation, |〈~S〉|/S < 1, for S = 1/2.
V. SCENARIO 2: ZIGZAG ORDER FROM
FERROMAGNETIC K1 AND
ANTIFERROMAGNETIC J3
The second possible mechanism, suggested to stabilize
the zigzag state in both α-RuCl3 and Na2IrO3, is char-
acterized by a ferromagnetic Kitaev coupling K1 in con-
junction with a third-neighbor antiferromagnetic Heisen-
berg interaction J3 between opposite sites of the same
hexagon. In this case, the ferromagnetic zigzag chains
(along, e.g., x and y bonds) are stabilized by the Kitaev
coupling, while the antiferromagnetic ordering between
neighboring zigzag chains is stabilized by J3. This is il-
lustrated in Figs. 1(e) and (f). Classically, the spins in
the z-zigzag state can therefore point anywhere in the
xy plane, and analogously for the x- and y-zigzag states.
Consequently, the system has an accidental continuous
classical ground-state degeneracy of Z3 × U(1). We de-
note these states as “cubic-plane zigzag.” In the real
systems, the degeneracy is partially lifted by three gener-
ically competing effects: (i) Quantum fluctuations drive
an order-from-disorder mechanism which favors a spin
alignment along the cubic-axes direction, i.e., ~Si ‖ ±~ex
or ±~ey for the z-zigzag state and analogously for the x-
and y-zigzag state.40,50,51 (ii) A small off-diagonal inter-
action Γ1 > 0 (Γ1 < 0) lifts the degeneracy, e.g., in the
z-zigzag state in favor of a state in which ~Si ‖ ±[110]
(~Si ‖ ±[1¯10]).40,52 (iii) A small external magnetic field ~h
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FIG. 3. Magnetization in field direction for K1-J3 model with K1 < 0 and J3 > 0, using Parameter Set 2. At zero field, the
spins lie in the xy (z-zigzag), yz (x-zigzag), or xz (y-zigzag) plane and can always align perpendicular to ~h upon switching on a
small magnetic field in an arbitrary direction. Therefore, the classical magnetization curve is independent of the field direction
in this model with Γ1 = 0. The quantum corrections (red/light curves, high-field phases only), however, do depend on the field
axis as a consequence of the order-from-disorder mechanism.
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FIG. 4. Magnetization in field direction for J1-K1-Γ1-J2-K2-J3 model with K1 < 0, J3 > 0, and small 0 < Γ1  |K1|, using
Parameter Set 2+Γ. At zero field, the spins align along the [11¯], [1¯1], or [¯11] direction, with 0 <   1, and then cant
nonuniformly towards the field for 0 < h < hc1 and ~h ‖ [111] (a) or ~h ‖ [001] (b). At hc1, there is a discontinuous transition
towards a phase in which the spins cant uniformly, leading to a linear magnetization curve as in Fig. 3. For ~h ‖ [001] this
intermediate phase is tiny, see blow-up in (b). In this case, the transition is characterized by change of the static structure factor
from z-zigzag to x/y-zigzag. There are no intermediate phases for ~h ‖ [1¯10] (c). The curve for ~h ‖ [112¯] can be understood as a
(very weak) crossover. For all field directions, the transition transition towards the uniform high-field phase at h0 is continuous.
favors a state in which the spins are aligned perpendicu-
lar to ~h.
For conceptual clarity, let us first discuss the magneti-
zation process within an idealized classical K1-J3 model
(using, e.g., Parameter Set 2). For any field direction, the
plane perpendicular to ~h intersects all three cubic planes
xy, yz, and zx in (at least) one axis. The zigzag spins
can therefore always align perpendicular to a small ex-
ternal field. They cant uniformly towards the magnetic
field and exhibit in the classical limit a direct continu-
ous transition towards the polarized state in the minimal
K1-J3 model at
h0/S = 6J3, for all ~h/h, (5)
independent of K1 < 0. Furthermore, there is a residual
Z3 ground-state degeneracy at finite field for all field di-
rections. This is in perfect agreement with our numerical
results for Parameter Set 2, Fig. 3. Note that the pres-
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FIG. 5. Magnetization in field direction for J1-K1-Γ1-J3 model with K1 < 0, J3 > 0, and large Γ1 > 0, using Parameter
Set 2/3. In contrast to Fig. 4, there are no intermediate phases as the “would-be” transition at hc1 is preempted by a first-
order transition at h0 towards the uniform high-field phase. For ~h ‖ [001], the high-field phase exhibits a finite transversal
magnetization, leading to a nonsaturated classical magnetization ~m · hˆ/S < 1 for any finite h, see Sec. VII.
ence of further Heisenberg or Kitaev interactions, such
as J1, J2, and K2 modify Eq. (5), but do not spoil the
isotropy of the magnetization process in the classical limit
and when Γ1 = 0.
Let us now include the effects of perturbations away
from this idealized limit. Both quantum fluctuations and
off-diagonal Γ interactions lift the continuous ground-
state degeneracy in favor of one or two preferred axes,
which, as discussed above, differ among the two cases.
At zero field, the spins align along the axis that corre-
sponds to the stronger one of the two perturbations.40 For
a generic field direction that is not perpendicular to this
axis, the zigzag spins will then cant nonuniformly towards
the field axis for small fields h  max(~ω, |Γ1|), where
~ω is the characteristic energy scale of the order-from-
disorder effects. If both order-from-disorder effects and
off-diagonal interactions are weak (e.g., for large J3/|K1|
or large S, and small Γ1), there will be a transition (or
crossover) at some finite field strength towards the canted
version of the cubic-plane zigzag state with uniform cant-
ing angle. We confirm this expectation numerically for
the Parameter Set 2+Γ in Fig. 4. At zero field, the
spins align along the [11¯], [1¯1], or [¯11] direction, with
0 <   1. Upon switching on a small magnetic field
~h in, e.g., the [111] or [001] direction, they cannot align
perpendicular to ~h, and therefore cant nonuniformly to-
wards it, leading to a nonlinear magnetization curve. At
a critical field strength hc1, however, Figs. 4(a) and (b)
show a transition towards an intermediate phase with a
uniform canting and a linear magnetization curve. For
this parameter set, there is no true transition for the
two in-plane directions displayed in Figs. 4(c) and (d),
although the latter case can be understood as a (very
weak) crossover.
Hence, the zigzag state that is stabilized by a ferro-
magnetic K1 and antiferromagnetic J3, in the presence
of only weak Γ1, shows a metamagnetic transition at in-
termediate field strength for generic (but not all) field di-
rections. The transition towards the polarized state, by
contrast, occurs at a field strength that is, up to small
corrections due to quantum fluctuations and perturba-
tions from the off-diagonal interaction, independent of
the field axis. For stronger perturbations as, for instance,
in the Parameter Set 2/3 with sizable Γ1 ∼ |K1| ∼ 2J3,
the “would-be” transition towards the canted cubic-plane
zigzag state may be preempted by a first-order transition
towards the polarized state, see Fig. 5. Consequently,
the transition towards the high-field phase at h0 is dis-
continuous for ~h ‖ [111] [Fig. 5(a)] and ~h ‖ [001] (b), but
remains continuous for ~h ‖ [1¯10] (c) and ~h ‖ [112¯] (d).
VI. SCENARIO 3: ZIGZAG ORDER FROM
POSITIVE Γ1 AND FERROMAGNETIC J1, K1
Finally, we consider the zigzag state that is stabilized
within a nearest-neighbor model with strong positive off-
diagonal interaction Γ1. We emphasize that the classical
ground state of the plain K1-Γ1 model with K1 < 0 and
Γ1 > 0 is a multi- ~Q state with six major and three mi-
nor Bragg peaks in the first Brillouin zone. The zigzag
ground state can, however, be recovered for nearest-
neighbor interactions only, when the model is supple-
mented with a ferromagnetic Heisenberg interaction J1,
provided that the ratio Γ1/|K1| is large enough. This
is demonstrated in detail in the appendix. The minimal
description of Scenario 3 is therefore given by a J1-K1-Γ1
model. In this model, the spins in, e.g., the z-zigzag state
are aligned for zero external field along an [xxz] direction
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FIG. 6. Magnetization in field direction for J1-K1-Γ1-J3 model with J1 < 0, K1 < 0, J3 > 0, and large Γ1 > 0 using
Parameter Set 3+J3. The critical field h0 is strongly anisotropic, with the largest h0 among the four shown here occurring
for the out-of-plane direction ~h ‖ [111] (a). For this particular field direction, the leading-order quantum correction to the
classical magnetization happens to vanish due to an accidental cancellation in linear spin-wave theory (red/light curves, high-
field phases only). For the intermediate field direction ~h ‖ [001], the uniform high-field phase is characterized by a finite
transversal magnetization, 〈~S〉 ∦ ~h, leading to a nonsaturated magnetization in field direction already on the classical level (b).
The transition at h0 is typically discontinuous, except for ~h ‖ [1¯10], which corresponds to a field direction that is perpendicular
to the zero-field moments (c).
determined by z/x = f(Γ1/|K1|), with
f(ζ) =
2 + ζ −
√
4 + 4ζ + 9ζ2
2ζ
, ζ = Γ1/|K1|, (6)
and thus −1 ≤ z/x ≤ 0. Note that the value of the
Heisenberg interaction J1 does not affect the direction
of the ordered moments at zero field. The same ap-
plies to further isotropic interactions (J2, J3), such that
Eq. (6) is valid for all parameter sets in Table I with
K1 < 0, Γ1 > 0, and K2 = 0. For small Γ1  |K1|,
we have z/x → 0, such that ~Si ‖ ±[110]. For large
Γ1  |K1|, on the other hand, one finds z/x → −1,
and hence ~Si ‖ ±[111¯]. In this latter case, the effective
moments in α-RuCl3 and Na2IrO3 would point towards
the centers of opposite faces of the surrounding chlorine
or oxygen octahedra. This is illustrated in Figs. 1(g) and
(h). To stay within a sufficiently simple naming scheme,
we therefore denote these states, in a slight abuse of no-
tation for finite Γ1/|K1|, as “face-center zigzag.” In the
x- and y-zigzag states, the spins are analogously aligned
along an [xyy] and [xyx] direction. The zero-field ground
state in this scenario is therefore six-fold degenerate.
Due to the alignment of the zigzag spins at zero field,
the magnetization process crucially depends on the di-
rection of the external field. If the magnetic field is per-
pendicular to the zero-field ordered-moment direction, a
simple canting mechanism with uniform canting angle
and, in the classical limit, a linear magnetization curve
can occur. This happens, for example, for the in-plane
direction ~h ‖ [1¯10]. At a critical field strength h0 with
(in the simplest J1-K1-Γ1 model)
h0/S = 2J1 +K1 − 12Γ1
+
√
K21 −K1Γ1 + 94Γ21, for ~h ‖ [1¯10], (7)
there is a direct and continuous transition towards the
polarized state. There is another linearly independent di-
rection of the form [xxz′], perpendicular to the zero-field
[xxz] moments in the z-zigzag state. A uniform cant-
ing and a continuous high-field transition are expected
in this field direction as well. Analogous perpendicular
directions [x′yy] and [xy′x] exist for the x- and y-zigzag
states. All these directions, however, depend on the ratio
Γ/K1 via the function f .
For other field directions, however, the zigzag spins
cannot align perpendicular to the field axis for small
h. Consequently, they cant with two different angles to-
wards the magnetic field. We demonstrate numerically
in Figs. 6(a), (b), and (d) that the magnetization curve
is nonlinear and the transition to the high-field state for
these field directions is typically first order. By contrast,
the magnetization curve is linear and the high-field tran-
sition is continuous for ~h ‖ [1¯10] [Figs. 6(c)]. Fig. 6 also
shows that the critical field strength h0, at which the
transition to the high-field phase occurs, now critically
depends on the field axis, with the largest h0 among the
four shown here for the out-of-plane direction ~h ‖ [111]
[Fig. 6(a)]. This is in sharp contrast to the situation
with small |Γ1|  |K1| shown in Figs. 2–4. Further-
more, the high-field phase for h > h0 shown in Fig. 6(b)
for ~h ‖ [001] is characterized by a nonsaturated classical
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magnetization in field direction, corresponding to a finite
transversal magnetization perpendicular to ~h. We elab-
orate on these key aspects of the models with strong Γ1
in the following section.
VII. CONSEQUENCES OF STRONG Γ1
The presence of a sizable off-diagonal interaction Γ1 as
suggested within Scenario 3 has two characteristic con-
sequences, which are in sharp contrast to the effects of
the Heisenberg and Kitaev interactions and which allow
to test this scenario in future experiments.
A. Anisotropic magnetic response
First, we note that identifying the sign of Γ1 as “ferro-
magnetic” or “antiferromagnetic” is inappropriate. The
nature of the off-diagonal interaction for fixed sign of Γ1
in fact depends on the direction of the ordered moments.
Let us assume for simplicity a uniform spin state ~Si ≡ ~S
in an arbitrary direction, as it would occur for a very
strong magnetic field. The argument, however, can be
made in a similar way also for components of the spins
in the direction of a small external field. We find it con-
venient to choose the new orthonormal basis {~e1, ~e2, ~e3}
in which the coordinate axes are aligned along the crys-
tallographic a, b, and c∗ axes in Fig. 1(b), i.e., ~e1 ∝ [112¯],
~e2 ∝ [1¯10], and ~e3 ∝ [111]. The uniform state can then
be written as
~S/S = sinϑ cosϕ~e1 + sinϑ sinϕ~e2 + cosϑ~e3, (8)
where ϑ and ϕ are the spherical angles in the {~e1, ~e2, ~e3}
basis, such that ϑ = 0° corresponds to the c∗ axes and
ϑ = 90° corresponds to the ab plane. In this basis, the
field-independent part of the total classical energy be-
comes particularly simple,
〈E0/(NS2)〉~Si≡~S =
3J1 +K1 + 6J2 + 2K2 + 3J3
2
+
Γ1
4
(1 + 3 cos 2ϑ). (9)
Notably, the energy becomes independent of the az-
imuthal angle ϕ, and only the off-diagonal Γ1 interaction
term depends on the polar angle ϑ. For any in-plane di-
rection, this anisotropic part becomes 〈E0/(NS2)〉Γ1 =
−Γ1/2 < 0, while 〈E0/(NS2)〉Γ1 = +Γ1 > 0 for the out-
of-plane direction c∗. In general, the Γ1-dependent con-
tribution is negative for 55° < ϑ < 125° and positive oth-
erwise (assuming that Γ1 > 0). Within the honeycomb
plane, a positive Γ1 therefore favors a ferromagnetic spin
alignment over an antiferromagnetic one. If the spins are
forced to lie perpendicular to the honeycomb plane, on
the other hand, a positive Γ1 favors an antiferromagnetic
spin pattern over a ferromagnetic alignment.
Consequently, the response of a system with a large off-
diagonal interaction Γ1 > 0 to an external magnetic field
crucially depends on the field axis: For an out-of-plane di-
rection, the off-diagonal interaction has an antiferromag-
netic character. Increasing Γ1 > 0 lifts the energy of the
polarized state, leads to an increase of the critical field
strength h0 at which the transition to the high-field state
occurs, and makes the system less susceptible to the ex-
ternal field. For an in-plane direction, by contrast, a pos-
itive Γ1 > 0 behaves as if the interaction were ferromag-
netic. Increasing Γ1 reduces the critical field strength,
and makes the system more susceptible to the external
field. We illustrate this behavior for the low-temperature
susceptibility χ = d(~m · hˆ)/d(h/|K1|) at small in-plane
and out-of-plane fields h h0 as well as the critical field
strength h0 in Fig. 7. Here, we have used Parameter
Set 3+J3 as an example, and have solved the finite-field
problem in the classical limit by employing the methods
described in Sec. III. Without any g-factor anisotropy,
the ratio between in-plane and out-of-plane susceptibil-
ity for this parameter set would be χa/χc∗ ' 3.3, and the
ratio of critical field strengths would be h0,a/h0,c∗ ' 0.28.
Between different in-plane directions, on the other hand,
the anisotropy is much smaller, e.g., h0,a/h0,b ' 0.76 for
the ratio of the critical field strengths. Note that a neg-
ative Γ1 < 0 has precisely the opposite effect: It leads
to a ferromagnetic character of the off-diagonal interac-
tion for an out-of-plane magnetic field ~h ‖ c∗ and an
antiferromagnet character for an in-plane field ~h ∈ ab.
Hence, a positive off-diagonal interaction Γ1 > 0 natu-
rally explains the strong magnetic anisotropy observed
experimentally in α-RuCl3.
53 This is further discussed in
Sec. VIII.
B. High-field transversal magnetization
Second, we investigate the nature of the high-field
phase in the presence of a finite Γ1. To this end, it is in-
structive to recall the symmetries of our (idealized cubic)
system.54 Due to the bond-dependent interactions, re-
flecting strong spin-orbit coupling, the continuous SU(2)
spin rotation symmetry known from isotropic Heisenberg
models is replaced by a residual discrete C∗3 symmetry of
2pi/3 rotation around the [111] axis. This corresponds
to the cyclic permutation (Sx, Sy, Sz) 7→ (Sy, Sz, Sx) in
spin space together with a 2pi/3 rotation about one site in
real space. There is also a discrete C∗2 rotation symmetry
about the in-plane [1¯10] axis with angle pi, which corre-
sponds to (Sx, Sy, Sz) 7→ (−Sy,−Sx,−Sz) in spin space
and a reflection in real space. Furthermore, there is a re-
flection symmetry C∗s through the ac plane perpendicular
to the [1¯10] axis, corresponding to the spin transforma-
tion (Sx, Sy, Sz) 7→ (Sy, Sx, Sz) and a reflection in real
space. The composition C∗2C
∗
s maps a vector ~S in spin
space onto its inverse, ~S 7→ −~S, which corresponds to
the global spin-flip (Ising) symmetry mentioned earlier.
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FIG. 7. (a) Susceptibility χ(ϑ, ϕ) = d(~m · hˆ)/d(h/|K1|) at zero temperature and in the classical limit as function of magnetic
field axis ~h/h for Parameter Set 3+J3 with sizable Γ1 > 0. ϑ and ϕ are the spherical angles in the a, b, c
∗ basis, such that
ϑ = 0 corresponds to the crystallographic c∗ axis perpendicular to the honeycomb layer, denoted by [111]. ϑ = pi/2 with ϕ = 0
(ϕ = pi/2) corresponds to the in-plane crystallographic a (b) axis, denoted by [112¯] ([1¯10]). Red (lower) curve: Out-of-plane
susceptibility χ(ϑ, 0) from a to c∗ to −a. Blue (upper) curve: In-plane susceptibility χ(0, ϕ) from a to b to −a. (b) Same as
(a), but now showing the critical field strength h0 of the transition towards the high-field phase.
However, if the off-diagonal interaction vanishes, Γ1 = 0,
the model has an enhanced symmetry which is not pro-
tected by the lattice point group: It is given by the in-
dividual inversion of components of ~S, i.e., Sx 7→ −Sx,
Sy 7→ −Sy, or Sz 7→ −Sz.
An external magnetic field breaks part of the symme-
try. For instance, a field in the [001] direction breaks
C∗3 and C
∗
2 , but leaves C
∗
s invariant. If Γ1 = 0, invert-
ing the x and y components of ~S individually remains
a symmetry, but not for Γ1 6= 0. At high fields h be-
yond a certain critical field strength h0, one expects a
ground state that is adiabatically connected the fully po-
larized state at h → ∞, without spontaneous symmetry
breaking. Consequently, without the off-diagonal Γ1 in-
teraction, the spin expectation value 〈~S〉 in the high-field
state is locked to the field axis,
〈~Si〉 ≡ 〈~S〉 ‖ ~h, for Γ1 = 0. (10)
As a side note, we recall that even in this case the state
at h0 < h < ∞ is not fully polarized, |〈~S〉|/S < 1, since
quantum fluctuations reduce the magnetization as a con-
sequence of the broken SU(2) spin symmetry, possibly
even substantially so, see the red/light curves in Figs. 2–
6, as well as Ref. 43.
In the presence of a finite off-diagonal interaction
Γ1 6= 0, however, there is no symmetry which forbids a
high-field state that is not parallel to ~h, such as, e.g.,
〈~Si〉 ‖ [xxz] with x/z 6= 0 for ~h ‖ [001]. If this in-
deed happened, it would mean that the magnetization
~m = ~m‖ + ~m⊥ would exhibit a transversal component
~m⊥ 6= 0 which is perpendicular to the external field for
all finite h < ∞, and only in the strict limit h → ∞
would the total magnetization ~m become parallel to the
external field ~h. In order to examine for which param-
eters this indeed happens in our model, and if so, for
which field directions, we again consider a uniform clas-
sical high-field state ~Si ≡ ~S with the field-independent
part of the total energy given in Eq. (9). We first note
that 〈E0/(NS2)〉 becomes entirely independent of ϑ and
ϕ when Γ1 = 0. This is consistent with our symmetry-
reasoned expectation formulated above, stating that 〈~S〉
is then parallel to the magnetic field ~h for all field direc-
tions. With the off-diagonal interaction present, however,
whether or not 〈~S〉 and ~h are collinear depends on the
magnetic-field direction and the ratio Γ1/(h/S). In any
case, since 〈E0/(NS2)〉 is independent of ϕ, 〈~S〉 will al-
ways lie in the plane spanned by ~e3 ‖ c∗ and ~h. Let us
denote the polar angle of ~h in the {~e1, ~e2, ~e3} basis by
θh = arccos(~e3 · ~h/h). The angle between ~h and 〈~S〉 is
then given by |θh − ϑ|. To see whether |θh − ϑ| has a
finite expectation value in the high-field state, we have
to minimize the total energy 〈E〉~Si≡~S = 〈E0 + E~h〉~Si≡~S ,
where
〈E~h/(NS2)〉~Si≡~S = −
h
S
cos(θh − ϑ). (11)
This yields a conditional equation for the energy-
minimizing ϑ = ϑmin as function of θh ∈ [0, pi], reading
3
2
Γ1 sin 2ϑmin +
h
S
sin(θh − ϑmin) = 0, (12)
and which can be solved exactly for any given θh. From
this we find ϑmin = 0 for θh = pi/2 or θh = 0 and large
enough (h/S)/Γ1. For 0 < θ < pi/2, by contrast, ϑmin
is finite for all h < ∞. Consequently, we find a finite
transversal magnetization ~m⊥ ⊥ ~h in the high-field state
12
for all field directions ~h which are neither parallel nor
perpendicular to the [111] axis. In the classical limit, the
relative size of the transversal magnetization is given by
|~m⊥|
|~m‖| =

0, for ~h ⊥ c∗,
tan |θh − ϑmin|, for 0 < θh ≡ ](~h, c∗) < pi2 ,
0, for ~h ‖ c∗,
(13)
with ϑmin determined through Eq. (12). These results are
consistent with the numerical data presented in Figs. 2–
6: The uniform high-field phase is characterized by a
finite transversal magnetization (indicated by a nonsat-
urated classical magnetization in field direction) if and
only if Γ1 6= 0 and for an external field ~h that is nei-
ther parallel nor perpendicular to the honeycomb plane.
We have explicitly checked that our numerical results
agree with Eq. (13) also quantitatively. For instance,
at h = h+0 in the [001] direction (i.e., θh = 55°), we find
|~m⊥|/|~m‖| ' 0.38 and |~m⊥|/|~m‖| ' 0.51 for the Param-
eter Sets 2/3 and 3+J3, respectively.
VIII. DISCUSSION
A. Susceptibility anisotropy
α-RuCl3 (Ref. 27) and, to a somewhat lesser extent,
Na2IrO3 (Ref. 55) show a distinguished anisotropy in
the magnetic response. The in-plane magnetic suscep-
tibility χab in α-RuCl3 at low fields and temperatures is
about four times larger than its out-of-plane counterpart
χc∗ .
27 Similarly, at a field strength of, e.g., 15 T, the mag-
netization is about 5–6 times larger when the external
field is applied within the ab plane as compared to when
~h ⊥ ab.8 Given that the trigonal distortion is expected to
be relatively small,25,26,29 it appears quite unnatural to
attribute such large anisotropy exclusively to the effects
of an anisotropic g tensor. In fact, ab-initio calculations
rather point to a fairly isotropic g tensor,26,28 suggesting
an intrinsic mechanism originating from bond-dependent
spin-spin exchange interactions.
In this work, we have demonstrated that a model with
a strong off-diagonal interaction Γ1 > 0 naturally leads to
a strongly anisotropic field response, without the need to
assume a largely anisotropic g tensor. For the particular
Parameter Set 3+J3, the ratio of susceptibilities between
an in-plane field direction ~h ∈ ab and the out-of-plane
direction ~h ‖ c∗ becomes of the order of χab/χc∗ ∼ 3–4
(depending on the particular in-plane direction chosen),
which agrees with the experimental value for α-RuCl3.
We therefore suggest that the off-diagonal interaction Γ1
in α-RuCl3 is positive and large, possibly of the order of
Γ1/|K1| ∼ 0.5, as given by Parameter Set 3+J3. As an
aside, we note that the direction of the ordered moments
at zero field as given by Eq. (6) for Γ1/|K1| ∼ 0.5 follows
as ~S/S ∼ ±[0.68, 0.68,−0.26], which corresponds to an
axis in the ac plane that is tilted ∼ 40° away from the
a axis towards the c∗ axis. Remarkably, this appears to
be in fair agreement with one of the two possible options
expected for α-RuCl3.
29
The anisotropy within the honeycomb plane is much
smaller, but finite, with a characteristic pi/3 periodicity
resulting from the discrete C∗3 lattice rotation symme-
try. We predict that the in-plane susceptibility in both
α-RuCl3 and Na2IrO3 is maximal for a field direction
along Ru-Ru bonds and Ir-Ir bonds, respectively (i.e.,
for ~h being parallel to the crystallographic b axis in our
conventions), and minimal for the in-plane direction that
is perpendicular to this axis (a axis in our conventions).
B. Field-induced transitions
Recent experiments report a field-induced transi-
tion in α-RuCl3 from a canted ordered phase into a
putative quantum disordered phase when a field of
around 7 T (10 T) is applied along an in-plane15,17–20
(intermediate16) direction. While at least one,14 or
more,20 field-induced phase transitions appear to be ob-
servable independent of the specific sample, the nature
of the adjacent phases has so far not been established
beyond doubt.
We have argued that the magnetization process dif-
ferentiates between the three scenarios for stabilizing a
zigzag state. While the transition towards the uniform
high-field phase is generically continuous when the field is
directed along a Ru-Ru bond (e.g., along the b axis), this
is different when the field is applied along an in-plane di-
rection orthogonal to a Ru-Ru bond (e.g., a axis): Here,
the high-field transition is continuous if and only if K1
is ferromagnetic and Γ1/|J1| is not too large, with the
Parameter Set 2/3 appearing to describe a rough up-
per bound for the value of the off-diagonal interaction.
For larger values of Γ1/|J1|, such as in the Parameter
Set 3+J3, the transition becomes discontinuous. When
the actual nature of the Kitaev interaction in α-RuCl3
is antiferromagnetic, as suggested within Scenario 1, the
transition from the canted zigzag state into the high-field
state becomes continuous only if the magnetic field lies
within one of the three cubic planes, which in α-RuCl3
are the planes perpendicular to the Ru-Cl bonds. De-
tailed magnetization measurements, using high (pulsed)
magnetic fields, for different field directions are clearly
called for.
Our results feature phase transitions at intermediate
fields only for Parameter Set 2+Γ, there between different
canted states, and possibly in Scenario 1, there towards
more complicated vortex and multi-Q states.43 This sit-
uation might change upon accounting for (i) quantum
effects beyond the semiclassical limit (possibly leading
to field-induced spin-liquid behavior) and (ii) deviations
from the idealized cubic structure. Investigations in these
directions are left for future work.
Recent neutron diffraction measurements in α-RuCl3
13
in small magnetic field ~h applied along an in-plane di-
rection that is orthogonal to a Ru-Ru bond (e.g., along
the a axis in our notation), find a depopulation of zigzag
domains with ordering wavevectors ~Q ⊥ ~h.17,20 This ob-
servation is consistent with our calculations in the mod-
els with Γ1 > 0 (Scenario 3) or K1 > 0 (Scenario 1): A
magnetic field along the in-plane [112¯] direction, which is
perpendicular to a z bond in our conventions, favors the
x- and y-zigzag states to the detriment of the z-zigzag
state.
C. Transversal magnetization at high fields
We have furthermore shown that the off-diagonal Γ1
interaction leads to a finite transversal magnetization in
the uniform high-field phase if the magnetic field axis
is neither parallel nor perpendicular to the honeycomb
plane. As the off-diagonal interaction already breaks part
of the symmetry of the original Heisenberg-Kitaev model
explicitly, this is possible without spontaneous symmetry
breaking. For a magnetic field along Ru-Cl bonds, for in-
stance, the transversal magnetization becomes compara-
tively large and should in principle be observable in α-
RuCl3. Its magnitude is a direct measure of the size of
Γ1, see Eqs. (12) and (13).
IX. CONCLUSIONS AND OUTLOOK
In this paper, we have studied the magnetic-field be-
havior of various extended Heisenberg-Kitaev models on
the honeycomb lattice. The magnetization processes sen-
sitively depend on the signs and relative sizes of the
model parameters, and we have assessed the validity of
the models in light of the experimental observations in
α-RuCl3 and Na2IrO3. We have also predicted a number
of further measurable consequences.
With these theoretical predictions, we believe that a
detailed experimental characterization of the magnetiza-
tion processes of the zigzag states should allow to fix the
sign of the Kitaev interaction K1 and determine the mag-
nitude of the off-diagonal interaction Γ1 in α-RuCl3 and
Na2IrO3. Once an appropriate effective spin Hamilto-
nian has been established, a full quantum computation
that goes beyond the present semiclassical analysis is in-
dispensable. This should also allow to understand and
characterize the field-induced phases found experimen-
tally in α-RuCl3.
15–20
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Appendix A: Zigzag state in nearest-neigbor
J1-K1-Γ1 model
Recently, a minimal nearest-neighbor K1-Γ1 model
with K1 < 0 and Γ1 > 0 was suggested to describe
the physics of α-RuCl3.
33,34 In this appendix, we demon-
strate that such an oversimplified model—without any
Heisenberg-type interactions—is (at least in the classical
limit) not sufficient to stabilize a zigzag antiferromagnet
when K1 < 0 and Γ1 > 0. A finite ferromagnetic Heisen-
berg interaction J1 < 0 and a large enough ratio Γ1/|K1|
are needed to recover the zigzag ground state. This result
is in contrast to the exploratory study of Ref. 24, which
used a combined Luttinger-Tisza and single- ~Q analysis
for the classical energy minimization. Here, we employ
classical Monte-Carlo simulations which are capable to
also detect multi- ~Q and incommensurate phases in a suf-
ficiently unbiased way.
Fig. 8(a) shows the static structure factor from low-
temperature MC simulations for the Parameter Set 3 at
zero external field. The ground state is characterized by
six major Bragg peaks at ~Q = ± 23Mi, i = 1, 2, 3, as well
as three minor peaks ~Q = K,K′,Γ. We have checked
that this remains true also upon increasing the ratio
Γ1/|K1|. By contrast, a zigzag antiferromagnet would
lead to only three Bragg peaks at the three M points
of the first Brillouin zone. As a further check, we have
explicitly verified that the multi- ~Q state as found in the
MC simulations has indeed a lower energy as the zigzag
state when both are cooled down to T → 0, as suggested
by the low-T structure factor. Consequently, the classi-
0 ≤ −J1|K1| . 0.25 0.25 .
−J1
|K1| . 0.55 0.55 .
−J1
|K1|
ΓΓ
K
K′
Γ
(a) (b) (c)
M1
M2
M3
FIG. 8. Low-T MC static structure factor for J1-K1-Γ1 model
with (K1,Γ1) = (−6.8,+9.5) meV (Set 3) and different val-
ues of J1 ≤ 0 at zero external field. The color scale is log-
arithmic. Bright spots indicate Bragg peaks. The dotted
inner hexagon denotes the first Brillouin zone. The Bragg-
peak pattern reveals that the ground state for J1 = 0 is not a
zigzag antiferromagnet, but a multi- ~Q state (a). This remains
true upon inclusion of a small ferromagnetic Heisenberg in-
teraction J1 < 0, until there is, for some finite J1, a direct
transition towards an incommensurate phase (b). Upon fur-
ther increasing −J1, the ground state becomes the simple
ferromagnet (c).
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FIG. 9. Low-T MC static structure factor for J1-Γ1 model.
For J1 = 0, the ground state is a classical spin liquid,
57 char-
acterized by a structure factor that is finite everywhere except
at a few isolated points in the Brillouin zone (a). By includ-
ing a small ferromagnetic Heisenberg interaction J1 < 0, the
ground-state degeneracy is lifted in favor of the zigzag anti-
ferromagnet, evidenced by its characteristic Bragg peaks at
the three M points (b). Upon increasing −J1, we recover the
incommensurate phase (c), before the ground state is again
the ferromagnet at large values of −J1 (not shown).
cal ground state of the K1-Γ1 model with K1 < 0 and
Γ1 > 0 is not a zigzag state, but a multi- ~Q state. This
was missed in the previous analyses.24,33,34,56
In order to examine whether the zigzag ground state
can be recovered within the nearest-neighbor model with
ferromagnetic K1 < 0, we first slightly modify Parameter
Set 3 by supplementing it with a ferromagnetic Heisen-
berg interaction J1 < 0. This way, however, we find at
some finite J1 a direct transition towards an incommen-
surate phase, which on our finite-size system is signaled
by bright lines along Γ-Mi in the structure factor as dis-
played in Fig. 8(b). Eventually, at larger values of −J1,
the ground state becomes the simple Heisenberg ferro-
magnet, indicated by the single Bragg peak at ~Q = Γ
as displayed in Fig. 8(c). There is therefore no zigzag
ground state for this particular ratio of Γ1/|K1|.
The zigzag ground state can, however, be recovered,
without assuming an antiferromagnetic K1 or longer-
range interactions (such as J3), by considering a larger
ratio Γ1/|K1| together with a finite ferromagnetic Heisen-
berg interaction J1 < 0. Fig. 9 shows the structure fac-
tor in the extreme limit Γ1/|K1|  1 for different values
of J1 ≤ 0. For J1 = 0 the ground state of this now
“Γ1-only model” is a classical spin liquid,
57 character-
ized by a broad continuum in the structure factor, see
Fig. 9(a). A small finite J1 < 0 lifts the classical ground-
state degeneracy in favor of the zigzag antiferromagnet,
indicated by its characteristic three Bragg peaks at the
three M points of the first Brillouin zone, see Fig. 9(b).
At some finite value of J1 < 0, we again find a transi-
tion towards the incommensurate phase, Fig. 9(c), be-
fore eventually the ferromagnetic ground state is recov-
ered at large values of −J1. There are therefore two dis-
tinct mechanisms to stabilize a zigzag ground state in the
nearest-neighbor model: Either by strong antiferromag-
netic Kitaev interaction K1 supplemented by J1 < 0 and
only weak |Γ1|  K1 (Scenario 1), or by a strong posi-
tive off-diagonal interaction Γ1  |K1| supplemented by
a finite J1 < 0 (Scenario 3).
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